Orthotropic finite element analysis was used to design a cruciform specimen for use in biaxial testing of fiber reinforced composites. Several notch designs were investigated and the optimal specimen shape was chosen as the one in which failure would more likely occur in the gage section rather than across the cruciform arms.
Introduction
Successful use of laminated composite plates in load bearing applications requires knowledge of the deformation and failure strength of the material in all anticipated loading conditions. Biaxial loading of cruciform shaped specimens (See Fig. 1 ) appears to be the most promising technique for multi-axial testing of flat composite plates. A number of cruciform shapes have been used, however no standard specimen shape or testing technique is currently available.
Zimmerman and Adams [1] performed biaxial testing of short glass fiber reinforced thermoplastic specimens. The optimized cruciform specimen was chosen as that specimen which experimentally gave the highest load at failure. A deep notch at the cruciform corners which was highly rounded was used to minimize stress concentrations. Such an iterative experimental procedure is uneconomical as it requires significant amounts of material and time. Zimmerman, et al. [2] later used finite element analysis to meet this design criteria, although no details of the analysis are provided.
Kennedy and Barnett [3] used a cruciform specimen with the limited loading state of <11 =-<12 to produce shear loading at an angle of 45°to the loading direction. They used fmite element modeling to evaluate the effect of sharp and rounded corners (without notches) on the ratio of the shear stress in the gage section to the applied stress. Mase and Bohl [4] also performed a finite element analysis of their composite cruciform specimen using an istropic model. They noted that current cruciform design is largely dictated by machinability. Makinde, et al. [5] optimized the cruciform specimen for metals and composites using finite element modeling and a statistical method based on factorial and response surface designs. The cruciform shapes investigated had reduced thicknesses at the gage sections and did not have corner notches. The authors reported difficulties in successfully testing composite specimens of this type due to failure outside the gage section.
Although numerous specimen configurations have been proposed, little, if any, analytical justification has been provided. In general, specimen design criteria have dealt with optimizing the biaxial stress level in the gage section [1-4J. In light of the difficulty in obtaining failure through the gage section of a cruciform specimen, optimization of the notch design was considered in this work such that failure would likely occur in the gage section. The Computer Aided Engineering Design System (CAEDS) finite element program was used to analyze the equi-biaxial loading of [±181902]s IM7/HBRF1915 graphite/epoxy and [(90/0)3l'90]s Scotchply 1002 E-glasslepoxy. The criteria for a suitable specimen design included: 1) smooth stress gradients (i.e. gradual changes in stress), 2) high equi-biaxial stresses in the gage section, and 3) highest stress concentrations at different locations in adjacent plies. These criteria maximize the probability of failure in the gage section rather than across the arms of the specimen.
Numerical Results 60°and 15°notch angles were considered for the [± 1819O:i1s graphite-epoxy cruciform specimens. To investigate the effect of fillet radius, 0.02" and 0.1" fillet radii were analyzed in a 60°notch specimen. The specimen with the larger fillet radius exhibited steeper stress gradients. In addition, the larger fillet did not concentrate stresses in the gage section as effectively. Therefore, only the 0.02" fillet will be discussed here. Figures 1 and 2 show the x and y stress contours plotted on the deformed geometry for 60°and 15°notch specimens respectively, loaded in equi-biaxial tension. As a result of symmetry, only one quarter of the specimen is shown. The ao shown in the contours is a percentage of the maximum tensile stress, with 1 being the lowest stress level (often compressive). The 900 ply stress contours are shown here since this ply will likely be more critical in determining fracture behavior due to the constraint provided by the outet 18°plies. Although both specimens possess a well developed biaxial stress region in the gage section, the 15°notch produces steeper stress gradients at the fillets. While this may be acceptable for ductile materials, the 60°notch is deemed a better choice for graphite-epoxy, which is relatively brittle. The third criteria, that the highest stress concentrations be at different locations in adjacent plies, was also considered. Both notch angles satisfied this requirement and therefore the 60°notch angle with a 0.02" fillet radius is deemed the more optimal specimen for this particular laminate. 0/90 crossply E-glass epoxy specimens with notch angles of 20°, 45°and 70°were also analyzed and the stress contours in the top 90°ply are plotted in Figures 3, 4 and 5. Once again, the largest angle seems to be the optimal specimen shape. The stress gradients are least steep and the biaxial stress state is well formed in the gage section. Notice that for the smallest angle specimen, ydirection stress is actually relieved in the gage section, which is likely to cause failure across the arms. The specimen design methodology proposed here should prove to be an improvement over the somewhat arbitrary or trial and error methods currently used. The present analyses showed that small fillet radii and large notch angles produce the best specimens. In future work, this methodology will be verified experimentally through in-plane biaxial testing of the laminates discussed in this paper.
